In this paper, we examine the electrical power-generation potential of a domestic-scale solar combined heating and power (S-CHP) system featuring an organic Rankine cycle (ORC) engine and a 15-m 2 solar-thermal collector array. The system is simulated with a range of organic working fluids and its performance is optimised for operation in the UK climate. The findings are applicable to similar geographical locations with significant cloud coverage, a low solar resource and limited installation areas. A key feature of the system's design is the implementation of fixed fluid flow-rates during operation in order to avoid penalties in the performance of components suffered at part-load. Steady operation under varying solar irradiance conditions is provided by way of a working-fluid buffer vessel at the evaporator outlet, which is maintained at the evaporation temperature and pressure of the ORC. By incorporating a two-stage solar collector/evaporator configuration, a maximum net annual electrical work output of 1070 kWh yr −1 (continuous average power of 122 W) and a solar-to-electrical efficiency of 6.3% is reported with HFC-245ca as the working fluid at an optimal evaporation temperature of 126
heated vapour state can be achieved with a relatively small drop in pressure.
57
Working fluid storage for steam generation been used historically for various 58 process applications. Steinmann and Eck [11] reviewed a number of con- schemes difficult and susceptible to change.
118
In an earlier work, the authors presented a system model of a domestic-119 scale S-CHP system and simulated its performance in the UK climate [1] .
120
The system model featured a solar collector array, a basic four-component al. [7] and Wang et al. [9] ; and chosen for its low toxicity, flammability and 127 ozone depletion potential potential (ODP), and also its low saturation tem-
128
perature at atmospheric pressure. The system's fixed flow-rates and fixed
129
operating temperatures and pressures were selected for maximum work pro-
130
duction on an "annual-average" day and then simulated over an annual pe-131 riod. It was found that the total electrical work output was 700 kWh yr −1
132
(80 W average), and that the whole system capital cost was between £4400-133 5500. However, the system was only crudely optimised and several potential 134 areas for performance enhancement were identified. In this paper, a wider 135 range of working fluids will be considered in order to find the optimum fluid 136 to maximise annual work output from the system in the UK setting. The 137 performance of a given working fluid is dependent upon the evaporation tem- A schematic diagram of the investigated S-CHP system is shown in Fig. 1a . State 3a then proceeds to the buffer vessel. The buffer vessel is assumed to 153 be held at a constant temperature equal to the evaporation temperature of 154 the ORC, such that working fluid may be stored in a two-phase state within.
155
A similar concept was proposed earlier, in the work by Jing et al. [13] , where 156 it was suggested that the buffer vessel temperature could be maintained by The benefits of the system configuration described above are as follows:
171
(1) the buffer vessel suppresses the variations in the expander inlet vapour 172 quality due to the intermittency of the solar heat-source, so that periods of 173 steady operation can be maintained for longer than for a system with no 174 thermal/fluid store; (2) the design enables system operation with fixed flow-175 rates so that the pumps, expander and heat exchangers can operate at their 176 design points; (3) the design enables a steady fluid temperature to be achieved 177 at the evaporator outlet, which simplifies the task of identifying the optimal working fluid and evaporation temperature/pressure over the annual period 179 in the chosen climate; (4) the active real-time operational control strategy 180 for system, also in response to changing loads/demands, is greatly simplified.
181
A variant of the aforementioned system will also be examined that incor-182 porates a two-stage solar collector array, based on the configuration proposed 183 by Jing et al. [13] . In the modified configuration, shown in Fig. 2 adopted model by Perers and Bales [26] :
In line with similar previous efforts in the literature, the evacuated flat- used in the simulation [29] ; (iii) the value for the diffuse radiation incidence
218
angle modifier is close to 1 for all angles of incidence [30] . This allows the 219 associated terms in Eq. 1 to be omitted, resulting in the following expression 220 for the collector thermal efficiency:
where 
where c p,0 , α and T 0 are parameters that describe a linear variation of specific the collector array is equal to the enthalpy rise of the heat-transfer fluid:
Finally, in order to calculate the pumping power required to circulate the 235 solar fluid, pressure drops in the solar collector array are estimated using 236 data provided by the manufacturer (see Table 1 ).
237
[ 
where the total heat transfer coefficient between the fluid streams is U = 
ORC equations

265
The power consumed by the ORC pump and the (gross) power output of the
266
ORC expander are both calculated using their respective isentropic efficien-267 cies (see Table 1 ):
where h 1 is the specific enthalpy of the working fluid as a saturated liquid at 269 the condensation pressure, h 3b is the specific enthalpy of the working fluid 270 as a saturated vapour at the evaporation pressure.
271
The pump and expander isentropic efficiency values are reported in Ta reported in various experimental studies on such machines [33] [34] [35] [36] [37] [38] [39] [40] . Similarly,
275
the value of η pump is within the range of those used in similar modelling stud-
276
ies [34, [41] [42] [43] . It is noted that the eventual performance prediction of the 277 solar-ORC S-CHP system will be significantly more sensitive to the former.
278
It will be shown later that the pump consumed power is of the order of 4% 
284
The net electrical power output from the ORC system is:
The change in enthalpy of the working fluid in the regenerator heat ex-286 changer is calculated using an effectiveness parameter ε r :
where h 4b is the specific enthalpy of the working fluid at the condensation 288 pressure and at the temperature T 4b = T 2a . for a design condition in which the vapour quality at the evaporator outlet 300 x 3a = 0.33. Thus:
For the two-stage collector configuration, the mass flow-rate circulated by 
The size of the buffer vessel is not provided as an input to the calculations, 
Second law analysis
321
A second law (exergy) analysis will be used to evaluate the maximum con- resulting expression is as follows:
The analysis in the present work is concerned with the relative improve- the system operating over the annual period is evaluated as follows:
The annual exergy efficiency of the system is evaluated as the net annual shown to offer improved thermodynamic efficiency due to non-isothermal 381 phase change at constant pressure and hence reduced temperature differences 382 and higher average temperatures of heat addition in ORC systems [49, 50] . impact on system efficiency and cost [51] . for the other fluids considered here.
417
In Fig. 4 [ Figure 4 should also be noted that, at least at present, R245ca is not widely available
441
for purchase in bulk quantities in the UK.
442
The steady-state simulations are repeated for the two-stage collector ar- 
495
Thus it can be seen in Fig. 7a that the typical daily period of operation 
503
The corresponding solar fluid flow-rate circulated by Pump 3 is 11.8 kg min −1 .
504
The low power output favours the use of a positive displacement expander. into the same machine [53] [54] [55] .
515
[ Figure 7 about here.]
516
The thermal store is found to undergo an annual variation in internal 517 energy of 1980 MJ (550 kWh). This value can be used to calculate the mini- opinion this is an interesting direction for future research.
544
The ORC annual work output can be compared to the maximum annual sel, the system would operate for shorter periods with a higher instaneous 556 exergy efficiency; but would be unable to make use of solar energy received 557 during periods when irradiance intensity is insufficient to fully evaporate the 558 working fluid and thus the annual work output would be lower.
559
In Table 3 , the annual performance of the single-stage and two-stage col-560 lector system configurations are compared, for the optimal working fluid and 561 evaporation temperatures. For the two-stage configuration, the relative areas 562 of the first and second-stage collector arrays are also optimised to deliver the 563 highest net annual electrical work output. It is found that the system with 564 the two-stage collector array configuration is able to deliver a 12% higher 565 net annual work output than the single-stage system. The optimal ORC 566 evaporation temperature is also found to be 9
• C higher for the two-stage 567 system, resulting in a 19% increase in instantaneous power output from the 568 ORC engine; however the higher system temperatures also result in a larger 569 number of hours (under very low irradiance conditions) for which η sc ≤ 0,
570
and therefore the total number of operational hours per year is reduced.
571
[ The maximum annual work output reported here is also found to be 53%
higher than than in our earlier work [1] . The improvement can be specifi- deviations of up to a factor of two [44] ; increased data aggregation was found 590 to progressively underpredict true, full-resolution performance. 
618
The results presented here suggest that the S-CHP system operating in 619 a UK setting can be expected to provide in the region of 32% of the typical 620 household demand for electricity (3300 kWh yr −1 according to Ref. [56] (i.e., the S-CHP solution electrical generation is 36% lower).
627
The advantage of the presently proposed S-CHP system is the ability to investigated here is a strong candidate technology for such an application.
637
At this point it is important to also discuss the economics of these systems • C, then T cond = T sat (P atm ). Table 2 : Properties of candidate working fluids considered in the present study. 
List of Tables
